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We present calculations which aim to describe coherent ultrafast magneto-optical effects observed
in time-resolved pump-probe experiments. Our approach is based on a nonlinear semi-classical
Drude-Voigt model and is used to interpret experiments performed on nickel ferromagnetic thin
film. Within this framework, a phenomenological light-induced coherent molecular mean-field
depending on the polarizations of the pump and probe pulses is proposed whose microscopic origin
is related to a spin-orbit coupling involving the electron spins of the material sample and the elec-
tric field of the laser pulses. Theoretical predictions are compared to available experimental data.
The model successfully reproduces the observed experimental trends and gives meaningful insight
into the understanding of magneto-optical rotation behavior in the ultrafast regime. Theoretical pre-
dictions for further experimental studies are also proposed.VC 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4938387]
I. INTRODUCTION
Within the large and active domain of femtomagnet-
ism, ultrafast coherent magnetism is a very challenging
problem, which has been intensively explored over the last
two decades.1–3 The ultrafast demagnetization induced by a
femtosecond laser pulse on ferromagnetic films occurs via
multiple thermal and non-thermal processes involving
spins, electrons, photons, and phonons. There is now almost
a consensus that, as soon as the system is thermalized, the
magnetization dynamics can be attributed to the interaction
between spins and phonons (but not in non-thermalized sit-
uations, for instance, near the Curie point4,5). However, the
origin of ultrafast demagnetization in the first femtoseconds
remains unclear.6–14 The understanding of such a phenom-
enon is experimentally very difficult to access due to the
thermal effects (deposited by the laser pulse) and dissipated
on longer time-scales.
Recently, using a clever idea, Bigot et al. have been
able to eliminate the incoherent demagnetization part asso-
ciated with the spin thermalization and have measured a
coherent magneto-optical signal reflecting a pure magnetic
response of the nickel film occurring during the laser prop-
agation.9 Within the framework of the current debate on
the mechanisms at the origin of ultrafast demagnetization,
this work constitutes an important advance. Moreover, due
to the various sources of magnetic ordering in nanostruc-
tures, this result opens the way for further exciting experi-
mental and theoretical investigations. Let us mention a few
of them: (i) Will the result be different for antiferromag-
netic systems or diluted magnetic semiconductors? (ii)
Could the exchange interaction be coherently modified by
the laser electromagnetic field? (iii) Does the relativistic
spin-photon interaction, proposed in Ref. 9, play an impor-
tant role? (iv) Can the coherent spin and orbital dynamics
be separated as they are in experiments performed on lon-
ger time-scales?15
Before tackling these interesting issues, it is important
to understand what exactly is measured in such an experi-
ment. In the present work, we analyze the data presented in
Ref. 9 and model this experiment in the general framework
of anisotropic and nonlinear optics. To this end, we pro-
pose using the nonlinear Drude-Voigt model. Despite
being far from a sophisticated first-principles approach,16
this model has produced encouraging results underscoring
the nonlinear role of charge carriers in the magneto-optical
rotation.17 To circumvent the problem of employing micro-
scopic mechanisms, the modification of the magnetic state
created by the laser field is explained using of a phenome-
nological light-induced molecular mean-field. Its analyti-
cal expression is postulated with the help of considerations
based on the relativistic spin-orbit coupling (SOC) between
spins and photons. This quite simple approach gives mean-
ingful information on the relative importance of the charge
and spin contributions to the coherent magneto-optical
rotation.
In Section II, we remind some basics about the distinction
between coherent and incoherent ultrafast magneto-optical
manipulations and we analyze the experiment performed
in Ref. 9. A theoretical model is presented in Section III.
Then, in Section IV, theoretical predictions of the magneto-
optical rotation angles are compared to the experimental data
of Ref. 9, and some proposals on further feasible experiments
are given. Finally, in Section V, limitations and improvements
of the model are discussed and some conclusions are given.
II. COHERENT ULTRAFAST MAGNETO-OPTICS
In the general context of femtomagnetism, we here
remind the principle of the experiment described in Ref. 9.
0021-8979/2015/118(24)/243902/15/$30.00 VC 2015 AIP Publishing LLC118, 243902-1
JOURNAL OF APPLIED PHYSICS 118, 243902 (2015)
The magnetization dynamics is experimentally deter-
mined using the time-dependent magneto-optical Kerr effect
(MOKE). After a strong excitation induced by a pump laser
pulse, the magnetization of the material sample is probed by
measuring the rotation angle of the outgoing probe pulse
with a time delay s (reflected (transmitted) beam in the Kerr
(Faraday) geometry). It is usually admitted that the magneto-
optical rotation is proportional to the magnetization state of
the material sample. As a general trend, after the interaction
of the femtosecond laser pulse and the magnetic sample,
ultrafast demagnetization curves usually exhibit a quick
decrease in the first hundred femtoseconds, which is fol-
lowed by a relaxation process. Later, a new equilibrium state
is reached on longer timescales where oscillations may be
observed depending on the internal parameters governing the
effective magnetic field. From a theoretical point of view,
the usual demagnetization curves are well described using
the Landau-Lifschitz-Gilbert equation (LLG), which is a pre-
cessional damped equation with a stochastic Langevin term.
The latter depends on the temperature via a two-temperature
or three-temperature model18 and mimics the perturbation
due to the thermal effects. This has become a full-fledged
art, and sophisticated open source softwares are now avail-
able to model such effects.19 However, what happens in the
first femtoseconds is still a matter of experimental and theo-
retical debate.
In this context, an interesting question arises: how to dis-
tinguish the part of the demagnetization rate originating from
the heat deposited by the laser pulse from the one induced by
the electromagnetic field? In the present investigation, the latter
is named “coherent” and is associated with the electromagnetic
response induced by the external electromagnetic perturbation.
To understand the coherent ultrafast magneto-optical
phenomena occurring during the pulse propagation, Bigot et al.
performed magneto-optical measurements on nickel and CoPt3
ferromagnetic films where the incoherent magnetic effects due
to the heat were eliminated. Figure 1 is a sketch of the setup of
this experiment where results are presented for a nickel film.
The 48-fs pulses were centered at 799 nm and the absorbed
energy filled by the pump was 0.4 mJ/cm2. The main idea is
that the incoherent part of the magneto-optical rotation is not
sensitive to the polarization state of the probe or pump pulses.
Hence, using a pump-probe set-up (sketched in Fig. 1(a)) they
performed magneto-optical measurements in two different con-
figurations: the first one where pump and probe polarizations
were parallel (hPP ¼ 0) and the second where the latter were
perpendicular (hPP ¼ 90). In both configurations with beams
propagating along an ez axis, the probe polarization was kept
identical Eprobe ¼ Eprobeex, whereas the pump polarization has
been modified (Epump ¼ Epumpex in the parallel configuration
and Epump ¼ Epumpey in the perpendicular configuration).
The normalized rotation angle Dh/h in both cases is shown
in Fig. 1(b). Let us emphasize that Dh/h is defined as
DhðsÞ
h ¼
hpump
probe
ðsÞhprobe
alone
hprobe
alone
, where hpumpprobeðsÞ stands for the rotation
angle of the reflected probe beam in the presence of the pump
for different delays s and hprobealone is the static rotation of the probe
without the pump perturbation. In both cases, the quantities
Dh/h are determined with Dh=h ¼ 1
2
ðDh=hÞþH  ðDh=hÞH

,
where H is the applied magnetic field polarizing the sample.
One can see in Fig. 1(b) that the general trend of a
demagnetization signal is observed, with however a differ-
ence between the two configurations of around s ¼ 6100 fs
where a non-negligible shift is observed. The two signals
remain identical after 200 fs when the system is thermalized.
This difference is evaluated by subtracting the Kerr rotations
FIG. 1. (a) Sketch of the experimental
setup of Ref. 9. (b) Normalized Kerr
rotation angle for nickel in parallel and
perpendicular configurations. (c)
Coherent magnetic signal. Open and
full circles represent the experimental
data taken from Ref. 9.
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ðhpumpprobeÞPP¼0  ðhpumpprobeÞPP¼90 as a function of the time delay s
and is presented in Fig. 1(c). The subtraction cancels out the
incoherent demagnetization part, which is identical in the
two configurations. The signal which is obtained, called a
coherent magnetic signal, is sensitive to the pump electro-
magnetic perturbation. This result shows that the magnetic
state can be coherently modified by a laser pulse on a femto-
second time-scale. More importantly, its magnitude in terms
of the Kerr rotation angle is more than few tenths of millira-
dians because the exhibited signal illustrates a differential
measurement between the ex and ey pump polarizations.
In their article, the authors of Ref. 9 have proposed a mi-
croscopic interpretation based on a spin-photon relativistic
coupling (e> 0)
rH ¼ eh
2me
r  Bþ 1
2mec2
E pþ eAð Þ
 
þ # m3e
 
; (1)
where the first and second term of Eq. (1) are, respectively,
the Zeeman interaction and the SOC. By comparing
magneto-optical measurements performed in the parallel
(hPP ¼ 0) and perpendicular (hPP ¼ 90) configurations,
Bigot et al. have revealed the role played by electric field
polarization on the ultrafast spin dynamics occurring during
the first few femtoseconds and have attributed this phenom-
enon to a coherent spin-photon coupling. This assumption
was also supported by a complementary single-pulse-like
Faraday experiment (not presented here) by following
Hulme’s,20 Argyres’s,21 and Benneth’s22 descriptions of the
Faraday effect in ferromagnetic materials, where the neces-
sary spin-orbit interaction between the electron spins and
the ionic electric field can be extended to the one carried
by the laser field. This interpretation has not been confirmed
or refuted yet. Nevertheless, let us mention some recent
work on that topic concerning: (i) the influence of a laser-
induced SOC on the magneto-optical rotation of hydrogen-
like systems;23 (ii) the coupling between the electron
spin with an external time-dependent electromagnetic field
in the framework of the Dirac-Breit equation and the
Foldy Wouthuysen transformation,24,25 or the incorporation
of relativistic effects in a self-consistent mean-field
approach.26,27 Let us also mention a recent work28 based on
ab-initio calculations and concluding that relativistic effects
play a negligible role in the MOKE linear response.
However, in the present work, we investigate the nonlinear
response of ferromagnetic samples, which strongly differ
from linear regime responses. From an experimental point
of view, such a coherent nonlinear regime can be probed by
using a femtosecond magneto-optical four-wave-mixing
configuration performed on Garnet films.29 Further experi-
ments using sub-10 femtosecond pulses, based on a novel
dual-color scheme, will soon permit us to investigate coher-
ent ultrafast magnetization dynamics.30 The understanding
of the above seminal work9 is therefore of crucial interest
for future works. In the present investigation, we suggest a
first approach using basic concepts of anisotropic and non-
linear optics. In what follows, the incoherent effects due to
the heat (temperature) will be neglected since they are
experimentally eliminated.
III. MODEL
In this three part section, we propose to model the
experiment of Ref. 9 presented in Sec. II. In Section III A,
we explain how we calculate the magneto-optical rotation
and we propose an analytical form for the dielectric polariza-
tion. Section III B is devoted to the determination of the
dielectric tensor elements within a nonlinear Drude-Voigt
model. Finally, in Section III C, we underline the importance
of introducing in the modeling, a light-induced coherent mo-
lecular mean-field dependent on the pulse polarization.
A. Magneto-optical rotation angle and dielectric
polarization
The magneto-optical rotation is usually determined
experimentally using the device sketched in Fig. 1(a). The
reflected outgoing probe field, Eout, crosses a half-wave plate
and is transformed into the field, E, which is divided into its
x and y components using a Polarizer Beam Splitter (PBS).
Their intensities I x and I y are measured using a system of
photodiodes (Pd) in order to estimate the rotation angle
defined as h  ðI y  I xÞ=ðI y þ I xÞ. Such a modeling of the
rotation was performed in Ref. 31, and experimental details
concerning the procedure can be found in Refs. 32 and 33.
In what follows, we assume that the angle between the
pump and the probe pulses is negligible (i.e., the angle i in
Fig. 1(a) can be taken as i 0) and therefore, the electric
fields propagate along the ez axis with components in the
(ex, ey) plane, which is parallel to the plane of the material
sample. Therefore, the components of the outgoing field,
Eout, are (Eoutx ex;E
out
y ey).
According to the authors of Ref. 9, the half-wave plate
is tilted at an angle p=8 with respect to the laboratory frame
and using its Jones’s matrix ½Mk, the field E reaching the
PBS may be written as
E ¼ ½MkEout ¼ 1 11 1
 				EoutxEouty ¼
				 Eoutx þ EoutyEoutx  Eouty : (2)
The associated intensities are defined as Ik ¼ 1Td
Ð Td
0
dtðEkEkÞ
for (k¼ x,y), where Td is the photodiode integration time
and Ek is the complex conjugate of Ek. However, from a
theoretical point of view, it is sufficient to calculate Ik as
Ik ¼
Ð1
1 dtðEkEkÞ since the magneto-optical rotation angle
h is determined with the following normalized quantity:
h ¼ I y  I xI y þ I x ¼
ð
dt EyEy
  ð dt ExEx ð
dt EyEy
 þ ð dt ExEx  : (3)
Then, one has to determine the expression of the outgoing
field. Here, we assume that the components of the reflected
electric field are proportional to the ones of the sample
dielectric polarization function induced by the pump and the
probe pulses. This leads to Eout ¼ ðEoutx ;Eouty Þ  ðPx;PyÞ,
where P is the dielectric polarization.
We consider that the electric field of the pump may be
written as: EpumpðtÞ  Epump0 e
t2
2C2 eiXt þ eiXtð Þ, where X is
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the central pulsation, C is associated with the pulse duration,
and the amplitude of the electric field is Epump0
¼ ðEpump0x ex;Epump0y eyÞ. Similarly, the probe electric field
delayed by a time s may be written as: Eprobeðt; sÞ
 Eprobe0 e
ðtsÞ2
2c2 eixðtsÞ þ eixðtsÞð Þ with the parameters x, c,
and Eprobe0 ¼ ðEprobe0x ex;Eprobe0y eyÞ.
Hence, by working in the Fourier space for a damped x
mode E  E0e
t2
2c2
þixt
, and within the framework of a nonlin-
ear Drude-Voigt model (see Section III B), the complex
polarization vector of the system may be expressed as
Px t; sð Þ ¼ 0 v x; cð Þ½ Eprobe t; sð Þ þ 0½ 3ð Þ x; cÞð e
tsð Þ2
c2
	 k Eprobe0 k2Eprobe t; sð Þ þ 0½pumpprobe x;X; c;Cð Þe
t2
C2
	 k Epump0 k2Eprobe t; sð Þ; (4)
where ½vðx; cÞ and ½ð3Þðx; cÞ are, respectively, the linear
dielectric susceptibility tensor and the dielectric tensor
related to the nonlinear third-order polarization fields created
by the probe pulse. ½pumpprobeðx;X; c;CÞ is the dielectric tensor
caused by the nonlinear interaction created by the pump
pulse and carried by the probe pulse. One may also write
½vðx; cÞ as ½vðx; cÞ ¼ ð½ðx; cÞ  1Þ, where ½ðx; cÞ is the
dielectric tensor defined as D ¼ 0½ðx; cÞE ¼ ð0Eþ PÞ
with P ¼ 0½vðx; cÞE. In what follows, all the dielectric ten-
sors ½ðkÞ are written according to the general form
½ðkÞ ¼
ðkÞxx 
ðkÞ
xy 0
ðkÞxy ðkÞxx 0
0 0 X
2
664
3
775; (5)
where ðkÞxx and 
ðkÞ
xy are, respectively, the isotropic and the ani-
sotropic elements and X stands for anything.
This formalism allows us to add up the different tensors
and to define the following ones: (i) the total nonlinear
dielectric tensor related to the probe ½nlðx; cÞ ¼
½ðx; cÞ  1ð Þ þ ½ð3Þðx; cÞe
ðtsÞ2
c2 k Eprobe0 k2 and (ii) the total
nonlinear dielectric tensor including the pump perturbation
½nlpðx;c;X;CÞ¼½nlðx;cÞþ½pumpprobeðx;X;c;CÞe
t2
C2 kEpump0 k2.
The associated isotropic and anisotropic tensor elements may
thus be written as
nlij ¼ ij  1ð Þ þ  3ð Þij e
tsð Þ2
c2 ððEprobe0x Þ2 þ ðEprobe0y Þ2Þ
nlpij ¼ nlij þ pumpprobeije
t2
C2ððEpump0x Þ2 þ ðEpump0y Þ2Þ: (6)
Therefore, using Eqs. (4) and (6), the components of the out-
going field Eout may be expressed as
Eout 
				 PxPy ¼
				 ðkÞxx Eprobex þ 
ðkÞ
xy Eprobey

ðkÞ
xy Eprobex  ðkÞxx Eprobey ;
(7)
where 
ðkÞ
ij denotes three different ways of irradiating the ma-
terial sample: in a single-pulse configuration with (i) a weak
probe pulse ððkÞij ¼ ij  1Þ, (ii) a strong probe pulse includ-
ing the nonlinear regime ððkÞij ¼ nlij Þ, and (iii) with the
additional presence of the pump pulse ððkÞij ¼ nlpij Þ.
Consequently, we are able to calculate the magneto-optical
rotation in any of the three configurations: h, hnl, and hnlp.
In order to have an idea of the composition of the rota-
tion angle h(k), let us consider a configuration where the elec-
tric field of the probe pulse is oriented along the ex axis
(Eprobe0 ¼ ðEprobe0x ex; 0Þ) and the complex outgoing field may
be expressed in terms of its real and imaginary parts noted,
respectively, ReðEoutÞ and ImðEoutÞ.
The x and y components of Eq. (7) become ReððkÞxx Eprobex Þ
þiImððkÞxx Eprobex Þ and ReððkÞxy Eprobex Þ þ iImððkÞxy Eprobex Þ, and by
plugging the latter into Eq. (3), the rotation angle takes the
following form:
h kð Þ ¼
ð
dt kEprobe tð Þk2 2Re  kð Þxx

 
Re ðkÞxy

 
 2Im ðkÞxx

 
Im  kð Þxy

  
ð
dt kEprobe tð Þk2 Re  kð Þxx

 
 2
þ Re  kð Þxy

 
 2
þ Im  kð Þxx

 
 2
þ Im  kð Þxy

 
 2  : (8)
The analytical expression given by Eq. (8) is useful because
it indicates that the rotation angle might be more complex
than a simple proportionality to the magnetization that is hid-
den in the anisotropic tensor elements.
Let us remember that in the present work the dielectric
polarization is described with a damped x mode e
 t2
2c2
þixt
,
which differs from a term like e
 t2
2c2 cosðxtÞ that includes the
x mode e t
2
2c2
ixt
. That gives a difference in the calculation
of I x or I y, but since the magneto-optical rotation h is
calculated with Eq. (3) (or Eq. (8)), the difference is canceled
out between the numerator and denominator.
The next step is to calculate the polarization of
Eq. (4). This can be achieved in various ways. We propose
to make this task as simple as possible by using the nonlin-
ear Drude-Voigt model. Despite its simplicity, this model
has led to very interesting results in the modeling of the
single-beam experiment described in Ref. 17. Here, the
idea is to extend this model to a configuration of two
delayed pulses.
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B. Nonlinear Drude-Voigt model
The following description of nickel is similar to the
one that we introduced in a previous work.17 The improve-
ments made here are twofold: (i) the incorporation of a
pump-probe term and (ii) the durations of the two pulses
are taken into account through the damping factors c and C.
The main assumptions of the modeling are described in
detail in Ref. 17:
(i) The electronic properties of nickel are described by
considering bound and free electrons. We assume that
the valence electronic shell can be modeled by one
electron, which is screened by the nucleus and the
other core electrons. One fraction xb of this electron is
considered to be bound and another fraction xf¼ 1 xb
is considered to be free. According to References 34
and 35, there is 0.6 conducting electron per atomic
nickel site, which fixes the value xf¼ 0.6. Even if
nickel has a metallic character, one also has to consider
the contribution of the bound electrons.
(ii) The microscopic first- and third-order displacements
of the bound and free charges ðrð1Þb ; rð1Þf ; rð3Þb ; rð3Þf Þ are
determined using the anharmonic Drude-Voigt model
and lead to the macroscopic polarization densities
ðPð1Þb ;Pð1Þf ;Pð3Þb ;Pð3Þf Þ with PðkÞa ¼ 1V
PNa
i erðkÞai where
a¼ b,f and k¼ 1, 3.
(iii) The total electric field acting on the charges inside the
material is the sum of the external electric field of the
probe beam and the polarization field generated by the
charges. We assume that the dynamics of the free elec-
trons is influenced by the bound charges dynamics, but
not the contrary. Since there is no nonlinear source in
the classical Drude model for free electrons, we assume
that the nonlinear perturbation acting on the free elec-
tron fraction xf is indirectly produced through the non-
linear polarization of the bound charge carriers. We
also assume that the latter originates from the anhar-
monic potential, which mimics the interaction with the
nearest neighbors. At a microscopic level, the nonli-
nearity during the laser pulse mainly originates from
the phase space filling and the Pauli blocking which are
quantum mechanisms and therefore necessitates the use
of a much more sophisticated treatment.36–38
(iv) The effective magnetic field inside the material is
noted Bmat ¼ Bmatez and corresponds to the Weiss’
molecular field.
Under these assumptions, the equation of motion for
bound and free charges are given by Eqs. (9) and (10).
In the Drude-Voigt model, a bound electron (of mass
mb) is described as a damped-harmonic oscillator (of
pulsation x0 and damping sb) subject to the Lorentz
force (e> 0). According to our assumptions, one has to
add the nonlinear term br3 originating from an anhar-
monic potential energy (Ep ¼ mbx
2
0
2
r2  mbb
4
r4Þ and the
polarization field created by the bound charges them-
selves, which leads to the following equation of
motion:
€rb þ 1sb
_rb þx20rb ¼
eEprobe
mb
 e
mb
_rb Bmat
þbr3b 
e
mb0
P 1
ð Þ
b þP 3ð Þb

 
: (9)
In the case of a free electron (of mass mf and damping
sf), there is no Hooke’s force (mx2r) in the equation,
and the total electric field is the sum of the external
electric field plus all the polarization fields
€rf þ 1sf
_rf ¼ eE
probe
mf
 e _rf
mf
Bmat
 e
mf 0
P 1
ð Þ
b þP 1ð Þf þP 3ð Þb þP 3ð Þf

 
: (10)
Starting from the above two equations, the modifica-
tions that will be incorporated are the following:
(v) We propose to work in the Fourier space with a
damped x mode. Hence, for a Gaussian electric field
expressed as Eprobe  Eprobe0 e
t2
2c2 eixt þ eixtð Þ, the
damped x mode is Eprobe ! Eprobe0 e
t2
2c2
þixt
. This
implies that the first and second time-derivative of
any vector r read _r ¼ ix tc2

 
r and
€r ¼ x2  2ix tc2 þ t
2
c4  1c2

 
r. This modification
only adds a damping factor and a frequency shift of
the resonance of the response functions. We note the
existence of terms that depend explicitly on time t.
However, their contributions remain smaller with
respect to the ones which do not depend on time in
the time domain t 2 ½100; 100 fs. For instance, with
t¼ 100 fs, c¼ 25 fs, and x¼ 1015 rad/s, one gets x 
10	 tc2 for the terms involving _r.
(vi) The presence of the electric field of the pump pulse
will induce a vector displacement rpump. Selecting the
dielectric response function induced by the probe field
(as is done in the experiment) does not change any-
thing in the linear regime. However, the nonlinear
term br3 creates a pump-probe contribution (quadratic
versus the pump and linear versus the probe) for the
bound electrons P
ð3Þ;pump
b;probe and also for the free elec-
trons P
ð3Þ;pump
f ;probe .
(vii) As described in Section III C, we assume that the
Weiss molecular mean-field Bmat can be modified by
the external electric field and we propose an analytical
expression for modeling this interaction.
In the following, we estimate the total polarization
field as
P ¼ Pð1Þb þ Pð1Þf þ Pð3Þb þ Pð3Þf
þPð3Þ;pumpb;probe þ Pð3Þ;pumpf ;probe (11)
and we compare its expression with the one given in
Eq. (4) in order to determine the tensor elements. In
what follows, the quantity E denotes the damped x
mode E0e
 t2
2c2
þixt
.
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1. Dielectric part—bound electrons
As in classical perturbation theory,39 Equation (9) is split
into two parts using rbðtÞ ¼ rð1Þb ðtÞ þ rð3Þb ðtÞ
€r 1
ð Þ
b þ
1
sb
_r 1
ð Þ
b þ x20r 1ð Þb ¼ 
e
mb
Eprobe  eP
1ð Þ
b
mb0
 e _r
1ð Þ
b
mb
Bmat;
(12)
€r 3
ð Þ
b þ
1
sb
_r 3
ð Þ
b þ x20r 3ð Þb ¼ b r 1ð Þb

 3
 eP
3ð Þ
b
mb0
 e _r
3ð Þ
b
mb
Bmat:
(13)
Let us first determine the linear term. By working in the
Fourier space for the damped mode x and defining the first-
order macroscopic polarization for the Nb bound electrons,
P
ð1Þ
b ¼ 1V
PNb
i erbi , Eq. (12) is transformed into
P
ð1Þ
b ¼ 0vð1Þb Eprobe  inbPð1Þb  ez ; (14)
where vb  vð1Þb ðx; cÞ ¼ nbe
2
mb0Dbðx;cÞ with nb ¼ Nb=V; nbðx; cÞ
¼ eBmatðxþ
it
c2
Þ
mbDbðx;cÞ and Db  Dbðx; cÞ ¼ ½ðx20 þ t
2
c4  1c2  tsbc2 
nbe2
mb0
 x2Þ þ iðxsb  2xtc2 Þ is the bound electron response func-
tion. By defining ab  að1Þb ðx; cÞ ¼ vbðx;cÞ1n2bðx;cÞ, Eq. (14) may be
rewritten in a tensorial form as
P
ð1Þ
b ¼ 0að1Þb
1 inb 0
inb 1 0
0 0 X
2
4
3
5Eprobe: (15)
Let us focus now on Eq. (13). It is worth mentioning that the
nonlinear term ðrð1Þb Þ3 vibrates at pulsation x. In a single beam
configuration, the latter reads r3b ¼ ðrð1Þb ðxÞ þ rð1Þb ðxÞÞ3 and
leads to four terms vibrating at 3x, x, x, and 3x. The
only term which contributes to the equation is 3ðrð1Þb ðxÞÞ2
r
ð1Þ
b ðxÞ (see Ref. 17).
In the present situation, due to the presence of the pump
and probe pulses, the nonlinear contribution is ðrð1Þb Þ3 ¼
ðrð1Þ;pumpb ðXÞþ rð1Þ;pumpb ðXÞþ rð1Þ;probeb ðxÞþ rð1Þ;probeb ðxÞÞ3,
leading to 24 terms. However, in a classical pump-probe con-
figuration, and in the framework of this model, the interesting
terms are the ones that vibrate at the pulsation x and are car-
ried by the probe pulse (detailed calculation can be seen in
Appendix A). Therefore, the nonlinear vector may be
expressed as
ðrð1Þb Þ3 ¼ ðrð1Þ;pumpb ðXÞ þ rð1Þ;pumpb ðXÞ
þrð1Þ;probeb ðxÞ þ rð1Þ;probeb ðxÞÞ3
 6ðrð1Þ;pumpb ðXÞ  rð1Þ;pumpb ðXÞÞrð1Þ;probeb ðxÞ
þ3ðrð1Þ;probeb ðxÞ  rð1Þ;probeb ðxÞÞrð1Þ;probeb ðxÞ ; (16)
where the first term represents the nonlinear pump-probe
contribution (quadratic versus the pump and linear versus the
probe) and the second one is the usual nonlinear term
induced by the probe. In order to calculate Eq. (16), one
needs to express the displacement of a bound electron due to
its interaction with the pump and the probe pulses. This can
be easily performed by rewriting Eq. (12) for a bound elec-
tron interacting with any beam (pump or probe) Ebeam
¼ Ebeam0 e
t2
2c02þix
0t
with parameters x0; c0
r 1
ð Þ;beam
b x
0; c0ð Þ ¼ a0 Ebeam þ P
1ð Þ
b
0
 !
 ib0r ez ; (17)
where a0 a0ðx0;c0Þ¼ embD0bðx0;c0Þ ; b
0 b0ðx0;c0Þ¼ eBmat x0þic0ð ÞmbD0bðx0;c0Þ
and D0bðx0;c0Þ¼Dbðx0;c0Þþ nbe
2
mb0
. Then, by plugging Eq. (15)
into Eq. (17), one obtains the displacement vector in a tensorial
form
r
ð1Þ;beam
b ðx0; c0Þ ¼
disoðx0Þ idaniðx0Þ
idaniðx0Þ disoðx0Þ
0 0 X
2
4
3
5Ebeam ; (18)
where disoðx0Þ and daniðx0Þ represent, respectively, the
isotropic and anisotropic displacements induced by the
beam
diso x0ð Þ ¼ a
0
1 b02ð Þ 1þ ab 1þ b
0nbð Þð Þ; (19)
dani x0ð Þ ¼ a
0
1 b02ð Þ b
0 þ ab b0 þ nbð Þ:ð (20)
Let us define f1ðxÞ ¼ ðrð1Þ;probeðxÞ  rð1Þ;probeðxÞÞ and f2ðXÞ
¼ ðrð1Þ;pumpðXÞ  rð1Þ;pumpðXÞÞ in Eq. (16). Using the
expression of r
ð1Þ;beam
b ðx0; c0Þ from Eq. (18) and replacing
ðx0; c0Þ by the appropriate parameters ðx; cÞ and ðX;CÞ the
latter quantities are expressed as
f1 xð Þ ¼ diso xð Þ
 2  dani xð Þ 2
 e tsð Þ2c2 e2ixt
	 Eprobe0x

 2
þ Eprobe0y

 2 
; (21)
f2 Xð Þ ¼ diso Xð Þdiso Xð Þ  dani Xð Þdani Xð Þ
 
e
t2
C2
	 Epump0x
 2 þ Epump0y
 2
 
: (22)
By plugging Eqs. (21) and (22) into Eq. (16), the third-order
equation Eq. (13) is modified into
€r 3
ð Þ
b þ
_r 3
ð Þ
b
sb
þ x20r 3ð Þb ¼ 3bf1 xð Þr 1ð Þ;probe xð Þ
þ 6bf2 Xð Þr 1ð Þ;probe xð Þ
 eP
3ð Þ
b
m0
 e
m
_r 3
ð Þ
b Bmat: (23)
Then, by summing over all the Nb electrons, by evaluating the
macroscopic third-order polarization P
ð3Þ
b ¼ 1V
PNb
i erð3Þbi ,
and by writing rð1Þ;probeðxÞ and rð1Þ;probeðxÞ with the help of
Eq. (18), Eq. (23) is transformed into
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P
ð3Þ
b ¼ 0vð3Þb ðx; cÞgprobeðt; sÞ
disoðxÞ idaniðxÞ
idaniðxÞ disoðxÞ
" #
Eprobe
þ 0vð3Þ;pump–probeb ðx; c;X;CÞgpumpðtÞ
disoðxÞ idaniðxÞ
idaniðxÞ disoðxÞ
" #
Eprobe  inbPð3Þb  ez ; (24)
where gprobeðt; sÞ ¼ e
ðtsÞ2
c2 Eprobe0x

 2
þ Eprobe0y

 2 
; gpumpðtÞ ¼ e t
2
C2 Epump0x
 2þ Epump0y
 2
 
and vð3Þb ðx; cÞ; vð3Þ;pump–probeb
ðx; c;X;CÞ are given by
v 3ð Þb x; cð Þ ¼
3ebnb
Db x; cð Þ0 d
iso xð Þ
 2  dani xð Þ 2
 
v 3ð Þ;pump–probeb x; c;X;Cð Þ ¼
6ebnb
Db x; cð Þ0 d
iso Xð Þdiso Xð Þ  dani Xð Þdani Xð Þ
 
: (25)
It is now easy to express the third-order polarization in a tensorial form. Defining að3Þb ¼ v
ð3Þ
b
ðx;cÞ
1n2b
and að3Þ;pump–probeb ðx; c;X;CÞ
¼ v
ð3Þpump–probe
b
ðx;c;X;CÞ
1n2bðxÞ
, Eq. (24) may be expressed as
P
ð3Þ
b ¼ 0að3Þb gprobeðt; sÞ
ðdisoðxÞ þ nbdaniðxÞÞ iðdaniðxÞ þ nbdisoðxÞÞ 0
iðdaniðxÞ þ nbdisoðxÞÞ ðdisoðxÞ þ nbdaniðxÞÞ 0
0 0 X
2
64
3
75Eprobe
þ 0að3Þ;pump–probeb ðx; c;X;CÞgpumpðtÞ
ðdiso þ nbdaniÞ iðdani þ nbdisoÞ 0
iðdani þ nbdisoÞ ðdiso þ nbdaniÞ 0
0 0 X
2
64
3
75Eprobe: (26)
In the above equation, we have mentioned when the functions depend on x or X. If the dependence is not mentioned, it im-
plicitly means that the parameter is the pulsation x.
2. Metallic part—free electrons
The polarization due to the free charge carriers is much easier to determine. By writing rf ðtÞ ¼ rð1Þf ðtÞ þ rð3Þf ðtÞ, Eq. (10)
leads to the following equations:
€r 1
ð Þ
f þ
1
sf
_r 1
ð Þ
f ¼ 
eEprobe
mf
 eP
1ð Þ
f
mf 0
 eP
1ð Þ
b
mf 0
 e _r
1ð Þ
f
mf
Bmat
€r 3
ð Þ
f þ
1
sf
_r 3
ð Þ
f ¼ 
eP 3
ð Þ
b
mf 0
 eP
3ð Þ
f
mf 0
 e _r
3ð Þ
f
mf
Bmat : (27)
As before one sums over all the Nf free electrons in the Fourier space with P
ð1Þ
f ¼ 1V
PNf
i erð1Þfi and P
ð3Þ
f ¼ 1V
PNf
i erð3Þfi . This
leads to
P
ð1Þ
f ¼ 0vð1Þf Eprobe  infPð1Þf  ez þ vð1Þf Pð1Þb (28)
and
P
ð3Þ
f ¼ vð1Þf Pð3Þb  infPð3Þf  ez ; (29)
where vð1Þf ¼ vð1Þf ðx; cÞ ¼ nfe
2
mf Df ðx;cÞ0 ; nf ðx; cÞ ¼
eBmat xþ itc2
 
mf Df ðx;cÞ with Df  Df ðx; cÞ ¼ t
2
c4  1c2  tsf c2 
nfe2
mf 0
 x2

 
þ i xsf  2xtc2

  
.
Then, using the expressions of P
ð1Þ
b and P
ð3Þ
b given by Eqs. (15) and (26) and defining af  að1Þf ðx; cÞ ¼
vð1Þ
f
ðx;cÞ
1n2f ðx;cÞ
, one obtains
P
ð1Þ
f ¼ 0af
1 inf 0
inf 1 0
0 0 X
2
64
3
75Eprobe þ 0abaf
ð1þ nbnf Þ iðnb þ nf Þ 0
iðnb þ nf Þ ð1þ nbnf Þ 0
0 0 X
2
64
3
75Eprobe ; (30)
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P
ð3Þ
f ¼ 0að1Þf að3Þb gprobeðt; sÞ
	
ðdisoðxÞð1þ nbnf Þ þ daniðxÞðnb þ nf ÞÞ iðdaniðxÞð1þ nbnf Þ þ disoðxÞðnb þ nf ÞÞ 0
iðdaniðxÞð1þ nbnf Þ þ disoðxÞðnb þ nf ÞÞ ðdisoðxÞð1þ nbnf Þ þ daniðxÞðnb þ nf ÞÞ 0
0 0 X
2
664
3
775Eprobe
þ 0að1Þf að3Þ;pump–probeb ðx; c;X;CÞgpumpðtÞ
	
ðdisoð1þ nbnf Þ þ daniðnb þ nf ÞÞ iðdanið1þ nbnf Þ þ disoðnb þ nf ÞÞ 0
iðdanið1þ nbnf Þ þ disoðnb þ nf ÞÞ ðdisoð1þ nbnf Þ þ daniðnb þ nf ÞÞ 0
0 0 X
2
664
3
775Eprobe : (31)
3. Response functions
With D ¼ 0Eþ P and Eqs. (15), (26), (30), and (31),
one can now identify the tensors elements ij, 
ð3Þ
ij and 
pump
probeij
of Eqs. (4) and (6). The linear tensors elements remain iden-
tical to the ones in our previous work
xx ¼ 1þ ab þ af þ af abð1þ nbnf Þ; (32)
xy ¼ i½nbab þ nf af þ abaf ðnb þ nf Þ: (33)
The tensor elements responsible for the third-order response
are given by the following expressions:
ð3Þxx ¼ að3Þb ½ðdisoðxÞ þ nbdaniðxÞÞ
þ að1Þf ðdisoðxÞð1þ nbnf ÞþdaniðxÞðnb þ nf ÞÞ; (34)
ð3Þxy ¼iabð3Þ½ðdaniðxÞþ nbdisoðxÞÞ
það1Þf ðdaniðxÞð1þ nbnf Þþ disoðxÞðnb þ nf ÞÞ: (35)
They are slightly different from the ones in Ref. 17 due to
the presence of the term dani. In the present work, we have
taken into account the anisotropic displacement in the calcu-
lation of the nonlinear term br3.
Finally, the tensor elements related to the pump-probe
interaction are
pumpprobexx ¼ að3Þ;pump–probeb ðx; c;X;CÞ½ðdiso þ nbdaniÞ
það1Þf ðdisoð1þ nbnf Þ þ daniðnb þ nf ÞÞ; (36)
pumpprobexy ¼ iað3Þpump–probeb ðx; c;X;CÞ½ðdani þ nbdisoÞ
það1Þf ðdanið1þ nbnf Þ þ disoðnb þ nf ÞÞ : (37)
In what follows the parameters of the Drude-Voigt model
will be taken as identical to the ones in Reference 17. We
remember that the x0 pulsation is associated with the energy
band gap between the electronic bands 3d and 4s of Ni with
hx0 ¼ 4 eV.21 It is assumed that mf¼mb¼me. In this case,
one can write xfx2p ¼ nf e
2
mf 0
; xbx2p ¼ nbe
2
mb0
and the value of the
plasma pulsation hxp ¼ 4:87 eV can be found in Ref. 40.
We have xb¼ 0.4 and xf¼ 0.6.34,35,41 The damping factors
sb and sf for bound and free charge carriers may be fixed at
1015 s and 1014 s.42,43 The nonlinear parameter b is
expressed as b ¼ x20a2 ,39 where a ¼ 2:48	 1010, and m is the
distance between two near neighbors in Ni lattice crystalliz-
ing in a fcc structure. The value of the effective magnetic
field is Bmat ¼ 510 T.35
We propose to investigate the impact of the third-order
terms ð3Þ and pumpprobe on the total nonlinear response functions
nl and nlp regarding the amplitude of the external electric
field. In the experiment presented in Fig. 1, the absorbed
energy Eabs was 0.4 mJ/cm2 which corresponds to a pump-
amplitude of E ¼ 4	 108 V/m following the relation EabsA¼ c0DtE2
2
, where Dt is the pulse duration and A is the value of
the absorption coefficient (see details in Ref. 17).
In Fig. 2, we present the real part of all the isotropic
response functions ReððkÞxx Þ as functions of the photon
energy with a pump-probe time delay s¼ 0 and the follow-
ing electric field components Eprobe ¼ ðEprobe0x ex; 0Þ; Epump
¼ ðEpump0x ex; 0Þ. We have worked with x ¼ X and the param-
eters c and C have been fixed at 25	 1015 s in order to rep-
resent the 50-fs pulse durations. The black curve represents
the linear term ReðxxÞ, which must be considered as the ref-
erence. In the inset, one can see the third-order tensor ele-
ment Reðð3Þxx Þ (blue line) and the pump-probe term
ReðpumpprobexxÞ (red dashed line) whose amplitudes are very
FIG. 2. ReðxxÞ (black line), ReðnlxxÞ with k Eprobe k¼ 4	 108 V/m (blue
line) and Reðnlpxx Þ with k Eprobe k 107 V/m and k Epump k¼ 4	 108 V/m
(red-dashed line) as functions of the photon energy (eV) with a time delay
s¼ 0 and x¼X. Inset: Reðð3Þxx Þ (blue line) and Reðpumpprobexx Þ (red-dashed line)
as functions of the photon energy (eV).
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small (1018) compared to ReðxxÞ. They both contribute
to the nonlinear responses with ReðnlxxÞ ¼ ReðxxÞ þ Reðð3Þxx Þ
	ðEprobe0x Þ2 and Reðnlpxx Þ ¼ ReðnlxxÞ þ ReðpumpprobexxÞ 	 ðEpump0x Þ2.
Hence, to reach the order of magnitude of the linear term
ReðxxÞ (which is of the order of unity), the amplitude of the
external electric fields must be on the order of 109V/m. As
an illustration, the blue curve (in the main box of Fig. 2)
represents ReðnlxxÞ with kEprobe k¼4	108V/m. Let us stress
that almost no modifications are observed with kEprobe k
107V/m (ratio<104). This latest value can be taken as
the value of the probe electric field since its contribution
has to lie in the linear regime and its amplitude is generally
a tenth of the pump one. Hence, the red-dashed curve (in
the main box of Fig. 2) represents Reðnlpxx Þ with kEprobe k
107V/m and kEpump k¼4	108V/m. Let us note that the
time-dependent terms in the above functions have been
neglected in order to calculate these static quantities.
This gives an idea of the nonlinear terms influence com-
pared to the linear one. We mentioned that a similar behavior is
observed with the imaginary part of the ðkÞxx functions and also
with the real and imaginary parts of the anisotropic response
functions 
ðkÞ
xy whose amplitudes were smaller (101). The ap-
parition of the nonlinear regime (E  108 V/m) is coherent
with the experimental results presented in Ref. 9 regarding the
single-pulse-like Faraday experiment where the absorbed
energy varied from 103 mJ/cm2 to 1 mJ/cm2 corresponding to
an electric field amplitude between 107V/m and 109V/m.
Let us return to the magneto-optical rotation calculation.
It appears that the present model is unsuccessful to describe
the results presented in Fig. 1. Indeed the influence of the
pump electric field enters only through the term gpumpðtÞ
¼ e t
2
C2 Epump0x
 2 þ Epump0y
 2
 
, which is quadratic and
working in the configuration Epump0 ¼ ðEpump0 ex; 0Þ ¼ or
Epump0 ¼ ð0;Epump0 eyÞ will give the same contribution in the
calculation of the rotation angle (see also Section IV).
The result of Bigot and coworkers suggests that the
pump electric field creates an anisotropy which is different
depending on the polarization directions. In the Drude-Voigt
model, the anisotropic aspect is represented by the Lorentz
magnetic force e _r Bmat. We thus propose to incorporate
this ingredient in order to build a light-induced Weiss molec-
ular mean-field model.
C. Light-induced coherent molecular mean-field
Following the results of Fig. 1, it seems reasonable to
suggest that an ultrafast laser pulse modifies the magnetic
properties of a ferromagnetic sample and creates a coherent
induced-magnetic field depending on its amplitude and its
polarization. We propose to define this quantity BmatðEÞ as
BmatðEÞ ¼ Bmat þ kWeissf ðEÞ ; (38)
where kWeissf ðEÞ is a light-induced molecular mean-field
that adds to the static molecular mean-field. The parameter
kWeiss is a mean parameter, which could be calculated in dif-
ferent ways incorporating various mechanisms, and f ðEÞ is a
vectorial function involving the external electric field.
Nevertheless, the quantity f ðEÞ needs to obey some con-
straints. The components of the electric field belong to the
plane defined by (ex; ey) whereas the magnetic field remains
in the ez direction. The experimental results show that excita-
tion in the ex or ey axis does not produce the same effect.
This suggests that the function f ðEÞ could be represented by
a vectorial product.
1. Study of coherent relativistic spin-orbit terms
To this end, the SOC of Eq. (1) presents interesting
directions for further investigations. Let us write the electro-
magnetic field inside the material (mean field produced
by charges and spins of the material) as ðEmat;AmatÞ
while the ones carried out by the light are kept as (E;A).
The term E ðpþ eAÞ leads to the following possible
interactions: E p; E ðeAmatÞ; Emat  ðeAmatÞ; Emat  p,
and Emat  ðeAÞ. If one focuses only on the terms induced by
the external laser field, one may write the SOC as
 eh
4mec2
r  E pþ Emat  eAþ E eAmatð Þ: (39)
Let us emphasize that Emat  eAmat and Emat  p are not con-
sidered here since they do not explicitly involve the laser
field. Considering the previous interaction, one can write the
Zeeman energy for any electron spin as
EZ ¼ eh
2m
r  Bmat Eð Þ
¼ eh
2m
r 

Bmat þ 1
2mc2
E eAmatð Þ
þ 1
2mc2
Emat  eAð Þ þ 1
2mc2
E p

; (40)
where Bmat is the Weiss molecular mean-field and the second
term in Eq. (40) is the effective field seen by an electron
interacting via the SOC (we neglect the laser magnetic field
here). The latter may reasonably play the role of kWeissf ðEÞ
and its components read
Bmat Eð Þ ¼ Bmat þ e
2mc2
					
EyAmatz
ExAmatz
ExAmaty  EyAmatx
þ e
2mc2
					
Ematz Ay
Ematz Ax
ExmatAy  EymatAx
þ 1
2mc2
					
0
0
Expy  Eypx:
(41)
In the presence of a static magnetic field, a dimensional anal-
ysis allows us to write the static vector potential as Amat
¼ ðaNiBmatex; aNiBmatey; 0Þ, where aNi denotes the mean
atomic radius of a nickel valence electron. In the same way,
we assume that the internal electric field is related to the
internal magnetic field with the following dimensional
analysis: Emat ¼ ðhv0iBmatex; hv0iBmatey; hv0iBmatezÞ, where
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hv0i is a characteristic mean electron velocity. The electron
momenta may be also written as jpxj  jpyj  mehv0i. The
potential vector of the light is A ¼  1x Exex;Eyey; 0Þ

since
E ¼  @A@t . Following this assumption and focusing on the
z components, Eq. (41) is transformed into
Bmat Eð Þ  Bmat  Bmat 	 eaNi
2mc2|ﬄ{zﬄ}
k1
	
0
0
Ey  Exð Þ
 Bmat 	 ehv0i
2mc2x|ﬄﬄﬄ{zﬄﬄﬄ}
k2
	
								
								
X
X
Ey  Exð Þ
Bmat 	 hv0i
Bmat2c2|ﬄﬄﬄ{zﬄﬄﬄ}
k3
	
0
0
Ey  Exð Þ:
							 (42)
The above equation exhibits an interesting form since the in-
ternal magnetic field is enhanced or reduced depending on
the polarization of the electric field. The light-modified inter-
nal magnetic field may also be expressed as
BmatðEÞ ¼ Bmatð1 ðk1 þ k2 þ k3ÞðEy  ExÞÞez; (43)
where k1 ¼ eaNi2mc2 ; k2 ¼ ehv0i2mc2x, and k3 ¼ hv0iBmat2c2. With aNi
 1010 m, k1 ¼ 1:6	1019	10102	1030	ð3	108Þ2  8:8	 10
17 m/V. In the
framework of the Drude model, hv0i is evaluated with hv0i
¼ j _rj  xeE
mx2
0
 4097m/s by taking x ¼ 2:36	 1015 rad/s, x0
¼ 6:4	 1015 rad/s, E ¼ 4	 108 V/m, leading to k2 ¼ 1:54
	1018 m/V and k3 ¼ 4:46	 1017 m/V with Bmat ¼ 510 T.
The importance of this phenomenon thus depends
only on the amplitude of the electric field. As an example
for the first term (which is the largest), one has to compare
f ¼ k1Ey ¼ eaNiEy2mc2 (or Ex) to unity. Unfortunately, the latter
quantity appears to be very small. Indeed, with Ex  Ey
 108 V/m, one obtains f ¼ 8:8	 1017 	 108 ¼ 8:8
	109. However, this value is based on a one-electron
interaction while one should probably consider the effect of
all the electrons within a mean-field description.
Let us perform a quick estimate by considering roughly
the number of electrons irradiated by the laser pulse Nir. The
latter can be defined as Nir ¼ nNi 	 d2 	 L 	 n , where
nNi  1028 atoms/ m3 is the nickel density, L  109 m is
the thickness of the film, d  106 m is the beam spot diam-
eter of the laser pulse, and n is the number of photons
absorbed by a nickel atom, which can be taken as n ¼ 0:01
according to Reference 44. In that case, one gets Nir  107
and k1 (resp. f) becomes k
0
1 ¼ Nirk1 ¼ 8:8	 1010 m/V
(resp. f0 ¼ Nirf  8:8	 102), suggesting that the effect
could be much bigger.
Let us stress that this estimate needs to be performed in
a more rigorous and sophisticated manner. For instance, the
values of d and L are larger in Ref. 9 and lead to a value of f0
103 larger. Moreover, the estimate of n may also change
depending on the sample or on the irradiation conditions.
Also, summing over all electrons may lead to an estimate
that is too large in comparison to the one obtained using a
proper mean-field description. This work may be achieved
with the help of a self-consistent mean-field model, including
all the light-matter interaction operators up to the second-
order in 1=me. One part of that work was already achieved in
Refs. 26 and 27 by considering the relativistic interactions
(up to the second-order in 1=me) between N interacting elec-
trons. The addition of an external time-dependent electro-
magnetic field in the above mentioned approach is currently
under development and will enable us to tackle this issue in
the near future.
2. Phenomenological interaction
However, the important aspect on which we propose to
focus is the vectorial form obtained in Eq. (43), which
involves the quantity BmatðEy  ExÞ in the z direction.
Hence, in order to circumvent the problem of the mecha-
nism, we propose to keep only the physical ingredients of
the previous discussion. We suggest working with the quan-
tity kWeissf ðEÞ postulated as
kWeissf ðEÞ  Bmat 	 k	 ðEy  ExÞez ; (44)
where k (½k ¼ m/V) is a parameter underlying the mean-
perturbation induced by the external electric field. Let us note
that the modification of the internal magnetic field by the exter-
nal electric field is treated as a mean value and is not included
within the classical theory of perturbation used to solve the
Drude-Voigt equations. For a mechanism based on the previous
SOC, one has k ¼ eniraNi
2mc2 ¼ 8:8	 1010  109 m/V.
Consequently, according to Eq. (44), the magnetic field
inside the material Bmat becomes BmatðEÞ ¼ Bmatð1þ kExÞ
with an electric field vibrating along the ex axis and
BmatðEÞ ¼ Bmatð1 kEyÞ when the electric field vibrates
along the ey axis. If Ex ¼ Ey ¼ E, the difference between the
two magnetic states will be 2BmatkE T. This shift increases
with the amplitude of the external field.
In order to incorporate this modification in our model,
one has to substitute Bmat by BmatðEÞ in all the previous
dielectric response functions. More precisely, the modifica-
tion must be done in the functions nb and nf that are the only
terms depending on Bmat. When the latter depend on the
probe electric field parameter ðx; cÞ Bmat is replaced by
BmatðEprobeÞ whereas it is replaced by BmatðEpumpÞ in the
functions depending on the pump parameters ðX;CÞ (that is,
only the case for functions described by Eqs. (36) and (37)).
In what follows, the value of the parameter k will be fixed
at k ¼ 109 m/V. This choice is pertinent for the following
reasons. The amplitude of the probe electric field is taken as
k Eprobe k 107 V/m, which leads to kEprobe ¼ 102. In the
presence of the probe electric field, the magnetic field inside
the material is thus modified less than one percent. Otherwise,
with the value k Epump k¼ 4	 108 V/m, as in the experiment
of Ref. 9, one gets kEprobe ¼ 0:4 and the change of the mag-
netic state becomes more significant. Using the previous val-
ues, the theoretical calculations are presented in Section IV
where the influence of the k parameter is also discussed.
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IV. RESULTS
Our results are presented into two parts. In the next para-
graph, we compare our theoretical predictions for the
magneto-optical rotation angle with the experimental meas-
urements presented in Section II. In the second part, we
show, on the basis of our model, how the experimental
results could be modified by changing the photon energy of
the probe pulse.
A. Comparison with experiment
With the help of the tools developed in Section III, we
can calculate the normalized rotation angle as
DhðsÞ
h
¼ h
pump
probe
ðsÞhprobe
alone
hprobe
alone
for the two configurations: hPP¼0 where the
electric field of the probe is parallel to the one of the pump
and hPP¼90 when they are perpendicular. The quantities
hprobealone and h
pump
probeðsÞ are calculated as follows. The electric
field of the probe is oriented along the ex axis E
probe
¼ ðEprobe0x ex; 0Þ and the components of the outgoing electric
field given by Eq. (7) read Eout ¼ ðnlxxEprobe0x ex; nlxyEprobe0x eyÞ.
The latter is plugged into Eq. (2) and the associated static
magneto-optical rotation hnl is calculated by using Eq. (3).
Thus, one obtains hprobealone  hnl.
The same procedure is used to calculate the magneto-
optical rotation angle in a pump-probe configuration. The
dielectric tensor elements nlij are replaced by 
nlp
ij , which modi-
fies the magneto-optical rotation angle and gives hpumpprobeðsÞ
 hnlp. In the parallel configuration, one has Epump
¼ ðEpump0x ex; 0Þ and the internal magnetic field is written
as BmatðEpump0x Þ ¼ Bmatð1þ kEpump0x Þ, whereas in the perpen-
dicular configuration, one has Epump ¼ ð0;Epump0y eyÞ and
BmatðEpump0y Þ ¼ Bmatð1 kEpump0y Þ. Therefore, one uses hnlpk
and hnlp? to denote the two configurations and one also
defines the theoretical rotation angles hthðPP ¼ 0Þ and
hthðPP ¼ 90Þ as
hth PP ¼ 0ð Þ ¼ Dh sð Þhk ¼
hnlpk  h nlð Þ
hnl
; (45)
hth PP ¼ 90ð Þ ¼ Dh sð Þh? ¼
hnlp?  hnl
hnl
: (46)
The above theoretical quantities are compared with the ex-
perimental ones h exp ðPP ¼ 0Þ and h exp ðPP ¼ 90Þ already
depicted in Fig. 1. Let us remember that the latter includes
thermal effects which have been ignored in the present
model. In agreement with the experiment in Ref. 9, the
pulse parameters have been chosen as k Eprobe k¼ 107 V/m,
k Epump k¼ 4	 108 V/m, c ¼ C ¼ 25	 1015 s, and hx
¼ hX ¼ 1:475 eV corresponding to 50 fs laser pulses cen-
tered at kl ¼ 799 nm (x ¼ 2:36	 1015 rad/s). In order to
investigate the dependence of the results with the light-
induced mean-field of Eq. (44), we also define the following
rotation angle: hthðPPðk ¼ 0ÞÞ, where k¼ 0. The results are
depicted in Fig. 3.
First of all, for time delays s < 0, the theoretical coher-
ent magneto-optical signals seem to follow the experimental
trend until reaching a minimum at s¼ 0. For positive delays
(s > 0), contrary to what is experimentally observed, the the-
oretical results increase and return to zero. This finding is
logical since we do not incorporate thermal effects and their
associated relaxation phenomena which occur at longer time-
scales. Therefore, the present predictions could, in principle,
reasonably represent the coherent rotation created by the
laser pulses.
A noticeable difference is observed between hthðPP ¼ 0Þ
and hthðPP ¼ 90Þ in the range s 2[100 fs, 100 fs], which
may also be seen in the experimental signals. Although the
amplitudes of the theoretical predictions are smaller than the
experimental ones (mainly due to all the approximations used
in the construction of the model), the calculated quantities are
of the same order of magnitude and also have the same shapes.
The difference has its origin in the differentiated action pro-
duced by the coherent molecular mean-field that we have
introduced.
In the inset of Fig. 3, the previous coherent rotation
angles hthðPP ¼ 0Þ and hthðPP ¼ 90Þ are compared to the
one calculated with k¼ 0: hthðPPðk ¼ 0ÞÞ. The latter is
exactly the same in the parallel or perpendicular configura-
tions and corresponds to the coherent magneto-optical rota-
tion when the internal magnetic field Bmat remains constant.
In other words, hthðPPðk ¼ 0ÞÞ represents the nonlinear
anisotropy created only by the electron charges, whereas
hthðPP ¼ 0Þ and hthðPP ¼ 90Þ include also the modifica-
tion of the internal magnetic field due to the interaction of
the external electric fields with the electron spin degrees of
freedom.
Let us now focus on the experimental results of Fig. 1(c)
where the thermal effects are eliminated.
Since the difference between hthðPP ¼ 0Þ and hthðPP
¼ 90Þ is performed in the pump-probe configuration
(hpumpprobeðsÞ) and not with the normalized rotation Dh=h, one
must calculate the coherent magnetic signal using
FIG. 3. Theoretical normalized coherent rotation angle hthðPP ¼ 0Þ and
hthðPP ¼ 90Þ for nickel as functions of the pump-probe delay s (hx ¼ hX
¼ 1:475 eV). Open and full circles represent the experimental normalized
rotation angle (including thermal effects) taken from Ref. 9. Inset:
hthðPP ¼ 0Þ, hthðPP ¼ 90Þ, and hthðPPðk ¼ 0ÞÞ as functions of the pump-
probe delay.
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hðnlpÞk  hðnlpÞ? . The results are depicted in Fig. 4 where the
influence of k is shown.
It can be clearly seen on the figure that our theoretical
predictions exhibit the appropriate order of magnitude as
compared to the experimental results. Based on the assump-
tions of our model, it appears that the results are very sensi-
tive to the value of k. The results presented in Fig. 4 are
obtained using k ¼ 109 m/V, and the value of the Kerr rota-
tion angle at s¼ 0 is around 0.5 mrad. Let us stress that
working with k ¼ 5	 1010 m/V and k ¼ 1:5	 109 m/V
leads, respectively, to a value of the Kerr rotation angle of
0.25 mrad and 0.75 mrad. In that case, the theoretical
predictions are too far from the experimental data and there-
fore not relevant. Due to the approximations inherent in the
model, it would have been meaningless to extrapolate an
accurate value of k related to the experimental signal.
However, one may keep in mind the order of magnitude
of k ¼ 109 m/V. Let us emphasize that the mechanism
based on the SOC and the rough estimation of nir calculated
in Section III C lead to k ¼ eaNinir
2mc2 ¼ 8:8	 1010 m/V 9
	1010 V/m. Due to all the approximations discussed in
Section III C, an accurate analysis is absolutely necessary
when considering the role and the importance of the SOC in
coherent magneto-optical experiments. However, it has to be
noted that, within the present semi-classical framework, the
experimental trends are not reproduced when the parameter
k is equal to zero. Before making some others interesting
comments in Section V, we propose to investigate how the
latter results might be modified by changing the experimen-
tal parameters.
B. Theoretical predictions on further experiments
The possibility of performing similar experiments in a
two-color scheme30 strongly encourage us to investigate the
influence of the photon energy (or the frequency) of the laser
pulses on the predictions of the model. A detailed study of
the ultrafast coherent magneto-optical rotation in a two-color
configuration is currently under progress and will soon be
proposed for publication. In the following, we present some
interesting predictions concerning the experimental results
quoted in Reference 9.
In Fig. 5, the value of the magneto-optical rotation angle
at s¼ 0 is depicted as a function of the probe photon energy
hx for the static probe hprobe  hnl and for the two pump-
probe configurations hðnlpÞk and h
ðnlpÞ
? .
One may distinguish four different areas labeled from I
to IV where the relative positions between hprobe; hðnlpÞk , and
hðnlpÞ? are depicted.
They all follow the variation of the dielectric response
functions. In area I, both pump-probe rotations are smaller
than the static one and the perpendicular configuration has
a higher value compared to the parallel configuration:
hðnlpÞk < h
ðnlpÞ
? < h
probe. Then, for higher photon energies, the
parallel pump-probe rotation is smaller than the perpendicu-
lar pump-probe rotation and is observed in area II with
hðnlpÞ? < h
ðnlpÞ
k < h
probe. A similar behavior is observed in
regions III and IV where the pump-probe rotations are bigger
than the static rotation corresponding, respectively, to the
configurations hðnlpÞ? < h
probe < hðnlpÞk and h
probe < hðnlpÞ?
< hðnlpÞk . It is worth mentioning that we have worked here
with another pump photon energy hX ¼ 2:4 eV as compared
to hX ¼ 1:475 eV used in Section III. This choice was done
in order to obtain a better visibility of the presented results
since the difference between the curves of Fig. 5 obtained
with hX ¼ 1:475 eV are smaller.
As a consequence, their associated magneto-optical
signals as functions of the time delay s will exhibit clear
differences. In Fig. 6, we present the normalized rotation
angles as functions of the pump-probe time delay corre-
sponding to the four previous configurations. The photon
energies hxI ¼ 1:87 eV, hxII ¼ 2:1 eV, hxIII ¼ 2:25 eV, and
hxIV ¼ 2:35 eV have been chosen for the sake of representa-
tional simplicity only.
The case I corresponds to the situation encountered in
Reference 9 with hPP¼0 < hPP¼90 . Nevertheless, it would
be possible to observe the opposite situation where hPP¼0
> hPP¼90 in areas II, III, and IV. Consequently, their associ-
ated coherent magnetic signals will exhibit positive values
FIG. 4. Coherent magnetic signal for nickel as a function of the pump-probe
delay s (hx ¼ hX ¼ 1:475 eV). Open circles represent the experimental data
taken from Ref. 9.
FIG. 5. Kerr rotation angles hprobe, hðnlpÞk , and h
ðnlpÞ
? at s¼ 0 as functions of
the probe photon energy.
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contrary to those presented in Fig. 4. Let us mention that the
normalized rotation angles could also be positive. The most
interesting case is probably the one of area III, where hPP¼0
is positive whereas hPP¼90 remains negative. In that case,
by working with the appropriate experimental parameters,
one may imagine that the total experimental magneto-optical
signals (incorporating thermal effects) could exhibit different
shapes compared to the ones depicted in Fig. 1(b), especially
around s¼ 0. This prediction may be useful for
experimentalists.
V. DISCUSSION AND CONCLUSIONS
Here, we discuss the advantages and the limitations of
the model. Some additional comments are also made.
First of all, the present model successfully reproduces
the general trends of the coherent magneto-optical experi-
ment performed by Bigot et al.9 By working with tabulated
values of nickel physical properties, the theoretical predic-
tions are of the same order of magnitude as available ex-
perimental data. The introduction of a phenomenological
light-induced molecular mean-field, which depends on the
electric fields polarizations, has enabled us to reproduce
the difference between the parallel and the perpendicular
configurations observed experimentally.
Moreover, it is worth mentioning that the comparison
between our calculations and the experimental data is not rigor-
ously perfect and some differences remain. In particular, the
experimental signal of Fig. 4 exhibits an asymmetry between
s < 0 and s > 0 that the model does not reproduce. One may
argue that the use of a classical model to treat light-matter inter-
actions is not accurate enough compared to quantum-
mechanical models. The present description of nickel is crude
and not nearly as sophisticated as those including the band
structure in the Brillouin zone.45 One may also mention the the-
oretical studies devoted to the coherent photo-excitation of
(Ga,Mn)As ferromagnetic semiconductors using linearly polar-
ized light where the interplay between the optical nonlinear-
ities, the spin-orbit interaction and the resulting optically
induced magnetic anisotropy were treated microscopically.47–49
Let us also underline that we have worked with only one mode
x of the electromagnetic field without considering the spectral
distribution Dx of the laser pulse. Similarly, our description of
the pump-probe configuration is clearly less developed than the
reference work of Ref. 46. Also, we have not made any com-
ments regarding the different contributions of “populations,”
“pump-polarization coupling,” and “pump-perturbed free
induction decay” usually present in a pump-probe descrip-
tion.23 Finally, the incorporation of the incoherent magnetiza-
tion dynamic based on the stochastic Landau-Lifschitz-Gilbert
equation would allow us to make comparisons between coher-
ent and incoherent processes in a more detailed manner. We
hope to tackle these issues in the near future.
However, we strongly believe that the conclusions of
the present work already give meaningful insight into the
physical mechanisms underlying the observed coherent
magneto-optical phenomena. Hence, we propose to make
some additional comments.
First, within the present semi-classical framework, the
light-induced term Bmatð1þ kðEy  ExÞÞ included in the
Lorentz force is crucial to reproduce the experimental trends.
The latter are not recovered when k¼ 0, and it underlines the
key role played by the directions of the electric field vectors
in coherent magneto-optical phenomena. Then, according to
the theoretical results depicted in Fig. 3, one may propose
that the coherent effects (due to the nonlinear charge anisot-
ropy and the light-induced molecular field) represent approx-
imately 10% of the total ultrafast magnetic processes (for the
particular experiment presented in Ref. 9). The remaining
90% may be attributed to the thermal effects. Then, under
the assumptions of the present work, one may conclude that
the coherent magnetic anisotropy measured through the ex-
perimental Kerr rotation angle is mostly due to the nonlinear
modification of the orbital momenta driven by the Lorenz
magnetic force. If one supposes that the spin dynamics is
hidden in the light-induced coherent molecular mean-field its
contribution consists in decreasing or increasing the value of
the Lorenz force felt by the charge carriers. By roughly com-
paring the light-induced molecular mean-field to the magnet-
ization dynamics the inset of Fig. 3 suggests that the
magnetization change represents 625% of the value of the
anisotropy produced by the charges. Concerning the micro-
scopic origin of the light-induced molecular mean-field, the
present study reveals the importance of the polarization state
of the laser pulses on the modification of the magnetic state.
This crucial physical ingredient may be incorporated in the
model through a SOC involving the characteristics of the
electric fields associated with the laser pulses. Finally, the
interpretation proposed in Ref. 9 evoking the relativistic
spin-photon interactions remains plausible.
Within a nonlinear and semi-classical Drude-Voigt
model, we have investigated coherent ultrafast magneto-
optical effects observed in time-resolved pump-probe
experiments performed on ferromagnetic films. In order
to explain the experimental results, a light-induced
coherent molecular mean-field has been introduced whose
microscopic origin originates from a spin-orbit-coupling
involving the electron spins and the laser pulse electric
FIG. 6. Normalized rotation angles for nickel as functions of the pump-
probe delay s for the probe photon energies hxI ¼ 1:87 eV, hxII ¼ 2:1 eV,
hxIII ¼ 2:25 eV, and hxIV ¼ 2:35 eV. The pump photon energy is fixed at
hX ¼ 2:4 eV.
243902-13 Y. Hinschberger and P.-A. Hervieux J. Appl. Phys. 118, 243902 (2015)
field. The model successfully reproduces the observed ex-
perimental trends and gives meaningful insights into
magneto-optical rotation behavior in the ultrafast regime.
Theoretical predictions on further experimental studies are
also proposed.
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APPENDIX: PRECISIONS ON THE CLASSICAL PUMP-
PROBE TERM
We give some details regarding the obtention of Eq. (16).
The vector displacement due to the pump excitation reads
r
ð1Þ;pump
b ðXÞ  rpumpb0 ðXÞGðtÞeiXt with GðtÞ ¼ e
t2
2C2 . Similarly,
the spatial displacement induced by the probe beam,
rprobeðxÞ, is expressed as rprobeb ðxÞ  rprobeb0 ðxÞgðt; sÞeixðtsÞ
with gðt; sÞ ¼ e
ðtsÞ2
2c2 . Both terms contribute to the nonlinear
force bðrð1Þb Þ3, which reads as follows:
ðrð1Þb Þ3 ¼ ½rð1Þ;pumpb ðXÞ þ rð1Þ;pumpb ðXÞ þ rð1Þ;propeb ðxÞ þ rð1Þ;probeb ðxÞ3
¼ ½rpump0b ðXÞGðtÞeiXt þ rpump0b ðXÞGðtÞeiXt þ rprobe0b ðxÞgðt; sÞeixðtsÞ þ rprobe0b ðxÞgðt; sÞeixðtsÞ3
¼
"
ðrpump0b ðXÞGðtÞeiXt þ rpump0b ðXÞGðtÞeiXtÞ3|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
A:3X;3X;X;X
þðrprobe0b ðxÞgðt; sÞeixðtsÞ þ rprobe0b ðxÞgðt; sÞeixðtsÞÞ3|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
B:3x;3x;x;x
þ3 ðrpump0b ðXÞGðtÞeiXt þ rpump0 ðXÞGðtÞeiXtÞ2ðrprobe0b ðxÞgðt; sÞeixðtsÞ þ rprobe0b ðxÞgðt; sÞeixðtsÞÞ|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
C:ð2XþxÞ; ð2XxÞ; ð2XþxÞ; ð2XxÞ;x;x
þ3 ðrpump0 ðXÞGðtÞeiXt þ rpump0b ðXÞGðtÞeiXtÞðrprobe0b ðxÞgðt; sÞeixðtsÞ þ rprobe0b ðxÞgðt; sÞeixðtsÞÞ2|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
D:ð2xþXÞ; ð2xXÞ; ð2xþXÞ; ð2xXÞ;X;X
#
: (A1)
The previous expression is composed of 4 terms (A, B, C, and D) which may be expanded into 24 terms vibrating at different
frequencies. We indicate below the brackets, the different Fourier components which may be obtained for each term. Because
we are focusing on the x mode representing the contribution of the probe pulse, one needs to keep only the terms vibrating at
x which are present in B and C. It results in the expression given in Eq. (16)
ðrð1Þb Þ3  3	 ðrprobe0b ðxÞgðt; sÞeixðtsÞÞ2 	 rprobe0b ðxÞgðt; sÞeixðtsÞ
þ3	 2	 ðrpump0b ðXÞGðtÞeiXtÞ 	 ðrpump0b ðXÞGðtÞeiXtÞ 	 ðrprobe0b ðxÞgðt; sÞeixðtsÞÞ
 3ðrð1Þ;probeb ðxÞrð1Þprobeb ðxÞÞrð1Þ;probeb ðxÞ þ 6ðrð1Þ;pumpb ðXÞrð1Þ;pumpb ðXÞÞrð1Þ;probeb ðxÞ:
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